We show that neutral current (NC) measurements at neutrino detectors can play a valuable role in the search for new physics. Such measurements have certain intrinsic features and advantages that can fruitfully be combined with the usual well-studied charged lepton detection channels in order to probe the presence of new interactions or new light states. In addition to the fact that NC events are immune to uncertainties in standard model neutrino mixing and mass parameters, they can have small matter effects and superior rates since all three flavours participate. We also show, as a general feature, that NC measurements provide access to different combinations of CP phases and mixing parameters compared to CC measurements at both long and short baseline experiments. Using the Deep Underground Neutrino Experiment (DUNE) as an illustrative setting, we demonstrate the capability of NC measurements to break degeneracies arising in CC measurements, allowing us, in principle, to distinguish between new physics that violates three flavour unitarity and that which does not. Finally, we show that NC measurements can enable us to restrict new physics parameters that are not easily constrained by CC measurements.
Introduction
The major goals of present-day and near-future neutrino oscillation experiments are: a) the determination of the neutrino mass hierarchy (MH) and b) the discovery and possible measurement of the magnitude of CP violation (CPV) in the lepton sector. In addition, ancillary goals include making increasingly precise determinations of neutrino mass-squared differences, δm 2 ij = m 2 i − m 2 j (i, j = 1, 2, 3 & i = j) and mixing angles θ ij . Recent status reviews may be found in [1] [2] [3] .
The capability for increased precision in neutrino experiments has recently led to the formulation of another important line of inquiry: the search for new physics at neutrino detectors, and its identification and disentanglement from physics related to the standard model with three generations of massive neutrinos. Examples of recent work in this direction may be found in . It is the purpose of this work to bring out facets of neutral current (NC) measurements at neutrino detectors that can aid in furthering efforts in this direction either on their own or when employed in synergy with other measurements.
Most investigations for new physics at long or short baseline neutrino experiments have focussed on measurements made using the charged current (CC) channels, with either ν µ → ν e or ν µ → ν µ as the underlying probabilities, and a final state electron or muon respectively. Our purpose in this paper is to study the potential of neutrino NC events at such experiments to provide a tool to investigate features of new physics scenarios. This category of neutrino interactions in a typical detector fed by a neutrino beam generated in an accelerator facility can comprise neutrino-nucleon and neutrino-electron elastic scattering, neutrino deep-inelastic scattering, neutrino-nucleon resonant scattering with a pion in the final state, and finally, neutrino coherent pion scattering 1 . Similar processes exist, of course, for anti-neutrinos. The relative contributions from these various channels depend on the detector medium, the cross section and the energy of the beam, among other things.
As we shall show in the remainder of the paper, the measurement and study of NC events can in some cases provide a qualitatively different, complementary and statistically superior handle on neutrino properties in new physics scenarios compared to CC measurements. Even when making measurements without the presumption of any new physics, these differences and complementarity can be useful. To see this, we consider Fig. 1 , which assumes the 3+0 scenario. This figure shows, in the left panel, the full 3σ allowed possible band of CC electron events at the DUNE far detector given our present knowledge of three generation neutrino parameters 2 . The hierarchy is treated as being unknown, and the mixing angles and the CP phase are varied in their presently allowed ranges. Clearly, any measurement by DUNE in this large band is currently acceptable as being consistent with the standard model with massive neutrinos, given the present three flavour parameter ranges. The right panel shows the NC events for the same parameter variations 3 . Besides the superior statistics, we note the lack of any dependence on the parameter uncertainties. The reason for this is, of course, the fact that the NC rate is insensitive to any flavour oscillations given the universality of weak interactions. A significant deviation from the rate shown, if detected, would clearly indicate the presence of certain kinds of new physics (as we discuss later in the paper), as opposed to the CC rate which is encumbered by significant uncertainty as well as the possibility of degeneracy between new and standard physics.
In subsequent sections, we first emphasise and bring out a general property of CC versus NC event measurements which can be useful in new physics settings with CP violation at both long and short baselines. We show, in a general way, that NC and CC measurements complement each other in providing information on CP phases and mixing angles. Then, using the 3+1 scenario 4 at DUNE as an exemplar, we derive an approximate analytic expression for the probability governing NC event rates in vacuum , and discuss its features. We find that the effects of matter on NC event rates are small, allowing us to use the vacuum expression to good effect.
We find that NC measurements can be revealing in several ways; for instance, we 1 NC resonant pion scattering in DUNE can comprise the processes νµp → νµpπ 0 (nπ + ) and νµn → νµnπ 0 (pπ − ). NC coherent pion scattering from a target nucleus A is the process νµA → νµAπ 0 . 2 Throughout this work, we have used the GLoBES software package [42, 43] along with the snu.c routine [44, 45] to generate probability, events, and to do ∆χ 2 -level analyses. 3 As explained in Sec. 3, we use migration matrices provided to us by Michel Sorel to relate reconstructed visible energy in NC events in DUNE to true energy. We note that in the reconstructed energy spectrum in Fig. 1 , and also later in the paper in the right panel of Fig. 7 , there is a small but somewhat surprising dip between 200 and 300 MeV. We thank Dr. Sorel for checking that this dip is indeed produced by the migration matrices. Since these matrices incorporate many physics details, it is difficult to pin down the origin of the dip more precisely. However, our conclusions are not affected by this dip.
4 This is dictated less by a belief in the veracity of 3+1 as nature's choice of physics beyond the standard model and more by the fact that it offers a simple template enabling us to bring out features and draw conclusions which may have applicability to other more complex new physics scenarios. Indeed, recent constraints restrict the allowed 3+1 parameter space significantly, as we discuss in Sec. 3. show that some CP-violating phase combinations lead to significant effects on the neutrino and anti-neutrino NC probabilities, although not to a significant CP-violating difference between them. Nevertheless, we find that under some circumstances there is good sensitivity to these phases. We provide bi-probability plots of neutrino versus anti-neutrino NC probabilities for fixed mixing angles to show that the CP phases can have substantial effects. We discuss how NC events break the degeneracy present in CC events, allowing us to discriminate new physics associated with new sterile states from that associated with non-standard interactions in neutrino propagation. We identify the general category of new physics scenarios which lend themselves to such degeneracy breaking via NC events. Using the 3+1 scenario as an example, we show the efficacy of NC events in constraining parameters and discuss how they can help improve existing bounds.
Finally, it bears noting that since all three flavours contribute, NC event measurements are typically statistically rich. For instance, in the Deep Underground Neutrino Experiment (DUNE), a 7-ton fine-grained tracking near detector at ∼ 500 m is planned, and it is expected to detect in excess of 400000 NC current events in a year [46] . Similar considerations would hold for the planned Short-Baseline Neutrino (SBN) program at Fermilab [47, 48] . Even at long baselines, NC events are typically higher in number compared to any one measured CC channel, which buttresses the significance of any conclusions based on their measurement.
Neutral current events in new physics scenarios with CP violation: a general property
This section identifies a salient property of the NC probability, P N C , defined as Σ β P (α → β), α, β = e, µ, τ for a given neutrino source beam of flavour α and an assumed physics scenario, which will actively contribute to the measured NC rate. In the standard 3 + 0 scenario, for instance, given a source beam of primarily muon neutrinos and the universality of weak interactions, P N C = P µe + P µτ + P µµ = 1. For the same source beam, but an assumed 3+1 scenario, P N C = 1 − P µs = P µe + P µτ + P µµ = 1, where s denotes the sterile flavour. This section is focussed on bringing out a feature of NC events that is generic to new physics scenarios with CP violation, assuming a 3+2 scenario at a short baseline as an example.
In general, useful conclusions regarding the properties of P N C can be drawn by examining analytic expressions and comparing them to expressions for their corresponding CC counterparts, e.g. P µe . We begin by writing down a general expression for the flavour oscillation probability in vacuum,
Here k, j run over the mass eigenstates, wheras α, β denote flavours. Additionally,
where L is the baseline length and E is the neutrino energy. Eq. 2.1 is valid for any number of flavours (including sterile ones, if present).
Consider an experiment sourced by an accelerator generated ν µ beam, and a 3+2 scenario, with two additional sterile flavour states ν s 1 and ν s 2 , and mass eigenstates ν 4 and ν 5 . From Eq 2.1, we see that the CP violating part of P µs 1 resides in
A similar expression can be written down for P CP µs 2 with s 1 replaced by s 2 everywhere, leading to
For a short baseline (SBL) experiment, the terms proportional to sin 2∆ ij , with i, j = 1, 2, 3 can be dropped in comparison to the others, and P µs 1,2 simplify; for instance,
For this scenario, the CP violating part of the CC probability, under the same approximation as Eq. 2.3, is proportional to
In a scenario geared towards explaining the short baseline anomalies [49] [50] [51] [52] [53] , further simplifications are possible, e.g. δm 2 lm >> δm 2 mn , l = 4 or l = 5, m, n = 1, 2, 3 5 . After a little algebra, one then finds that the CP violating difference between NC events measured using an initially muon-flavoured neutrino beam, and those measured using its anti-neutrino counterpart, will be proportional to the quantity D N C , given by
On the other hand, the analogous difference for CC events from ν µ → ν e transitions is proportional to
Comparing Eq. 2.3 with Eq. 2.4 and Eq. 2.5 with Eq. 2.6, we see that in both cases they tap into different CP phases and sectors of the mixing matrix. Consequently, the NC measurements will provide a qualitatively and quantitatively different window into the CP violating and mixing sectors of a new physics scenario compared to the CC measurements. Should a new physics scenario with CP violation be nature's choice, then combining NC measurements with CC measurements would provide a valuable way to probe it.
Neutral current and new physics at long baselines
For the remainder of this paper, we focus largely, but not exclusively, on the 3+1 scenario in order to study the potential of NC events as a probe and diagnostic tool for new physics. Additionally, we perform our calculations for the DUNE far detector. DUNE [46] is a proposed future super-beam experiment with the main aim of establishing or refuting the existence of CPV in the leptonic sector. In addition to this primary goal, this facility will also be able to resolve the other important issues like the mass hierarchy and the octant of θ 23 . The ν µ (ν µ ) super-beam will originate at the Fermilab. The optimised beam simulation assumes a 1.07 MW -80 GeV proton beam which will deliver 1.47 × 10 21 protons-on-target (POT) per year. A 40 kt Liquid Argon (LAr) far-detector will be placed in the Homestake mine in South Dakota, 1300 km away. The experiment plans to have a total of 7 years of running, divided equally between neutrinos and anti-neutrinos, corresponding to a total exposure of 4.12 × 10 23 kt-POT-yr. The complete experimental description of the DUNE experiment such as the CC signal and background definitions as well as assumptions on the detector efficiencies concerning the CC events are from [54] . The details regarding the anticipated NC events at DUNE were taken from [55] . The NC event detection efficiency has been assumed to be 90%. In order to correctly reproduce the NC events spectra, we have made use of the migration matrices. In a NC event, the outgoing (anti-)neutrino carries away some fraction of the incoming energy. This energy is missed and hence, the reconstructed visible energy is less than the total incoming energy. As such, the events due to energetic (anti-)neutrinos are reconstructed inaccurately at lower visible energies in a majority of such cases 6 . Therefore, using a gaussian energy resolution function in such a situation is not appropriate. We have used the migration matrices from [56] , provided to us by [57] . Note that these migration matrices correspond to a binning of 50 MeV and therefore, in this work too, we have considered the energy bins of 50 MeV for NC events 7 . For the analysis of CC events, we have used energy bins of 125 MeV as in [54] . The background to NC events consists of CC events that get mis-identified as NC events. These include electron events (due to CC signal ν µ → ν e or intrinsic beam ν e → ν e ), muon events (ν µ → ν µ ), tau events (ν µ → ν τ ) and their respective CP-reversed channels due to anti-neutrino/neutrino contaminations in the beam. It should be noted that the backgrounds too, will oscillate into the sterile flavour depending on the values of U e4 , U µ4 and U τ 4 . In such a scenario, the simplifying assumptions of putting one or more of these matrix elements to 0, may not give the correct estimate of the NC signal events. For the NC analysis, the signal and background normalisation errors have been taken to be 5% and 10% respectively.
Finally, we note that in the 3+1 scenario, flavor oscillations may lead to some depletion of the active neutrino flux and of its muon neutrino component at the location of the DUNE near detector (∼ 500 m). This could, in principle, distort the flux measurement made at this location, which forms the basis of conclusions drawn regarding oscillations measured at the far detector. We have assumed an overall error of 5% in flux measurements, and have checked that given the currently allowed parameter ranges for the 3+1 scenario, the change in flux due to a sterile species is always below this limit. On the other hand, as we show in this work, depletion in the NC rate significantly above this uncertainty is expected at the far detector, hence enabling DUNE to detect the possible presence of a sterile state via neutral current measurements.
An approximate analytical expression for P µs
As mentioned above, the NC rate in a 3 + 1 scenario will be proportional to 1 − P µs . We give below a useful approximate expression, starting from Eq. 2.1, since the full expression which follows from it is extremely long and complicated. In obtaining this approximate form, we have adopted the following parameterisation for the PMNS matrix:
Here, in general, O(θ ij , δ ij ) is a rotation matrix in the ij sector with associated phase δ ij . For example,
Measurements from MINOS, MINOS+, Daya Bay and the IceCube experiments provide significant constraints on the 3+1 paradigm. See, for instance, [58] [59] [60] . The SuperKamiokande data, MINOS NC data, NOνA NC data and the IceCube-DeepCore data provide constraints on the 3-4 mixing [61] [62] [63] [64] . Our work in this paper utilises only the currently allowed parameter space for this scenario as determined by these references 8 . Since these current constraints restrict θ 13 , θ 14 , θ 24 ≤ 13 • , we take sin 3 θ ij = 0, where θ ij is any of these angles. We also set θ 23 = 45 • for simplicity, and assume sin
, while neglecting the contribution from the solar mass-squared difference, since ∆m 2 21 << ∆m 2 31 . Additionally, we work under the assumption that the mass-squared differences δm 2 lm , l = 4, m = 1, 2, 3 are all approximately equal, implying that the fourth mass eigenstate is much heavier than the other three. With these simplifications, we obtain, for the vacuum transition probability for ν µ to ν s , P Prior to testing the accuracy of this formula and determining its applicability, we note the following characteristics:
8 It should be noted that there are global analyses of the existing oscillation data that provide constraints on the 3+1 paradigm [65] [66] [67] . However, there exist differences in their results corresponding to the fits in the parameter space ∆m
There is also the difficulty in reconciling the appearance data with the disappearance data. Keeping these points in mind, we adhere to the constraints on 3+1 from the disappearance data from the above-mentioned standalone experiments.
1. The first term is, in its exact form, a rapidly oscillating term due to the large masssquared difference. In the plots to follow, for specificity, we assume it to be 1 eV 2 , and adopt the DUNE baseline of 1300 km.
2. Of the three phases, only two linear combinations appear: δ 1 = δ 13 + δ 34 and δ 2 = δ 34 − δ 24 ; and only the latter is responsible for CP violation in neutral currents.
It follows that these simplifications and characteristics percolate into P N C = 1−P µs , which we now plot in Fig. 2 We see that there is good agreement between the exact GLoBES curves (solid black and dashed green lines) and the ones generated by the analytical approximation (red dashed line). The curves show no rapid oscillations since the small wavelength oscillation part of first term in P µs is averaged out to 0.5.
From Fig. 2 we see that the approximate formula, derived for the vacuum case, also works well for matter, i .e. the overall matter effect in NC event rates is small. Some understanding of this feature can be gleaned from Fig 3, which shows full GLoBES curves for the various probabilities, and demonstrates how the ν µ → ν e and ν µ → ν τ channels have matter effects that are already small in each of these channels, and that nearly cancel each other over the DUNE energy range and baseline. While we certainly cannot generalise this over baselines, energies and new physics scenarios, we note that such a near cancellation can occur for a range of baselines and energies in the 3+0 scenario 9 .
Finally, we note that the NC probabilities for neutrinos and anti-neutrinos are very similar, as a comparison of the left and right panels in Figs. 2 and 3 demonstrate. 9 For a fuller discussion of the 3+0 case see [68] . 
Effect of the CP violating phases on P N C
This section attempts to understand the dependence of P N C on the three CP violating phases δ 13 , δ 24 and δ 34 in a simple way. In Fig. 4 we have plotted the P N C = 1 − P µs as a function of the Energy (GeV) in the presence of matter for L = 1300 km. The plots correspond to normal hierarchy, θ 14 = 8 • , θ 24 = 5 • and θ 34 = 20 • . The solid curves show the probability values for neutrinos while the dashed ones are for anti-neutrinos. In the left panel we show the dependence of P N C on the δ 13 phase. For this panel, we show curves corresponding to δ 13 = −180 • , −90 • , 0 and 90 • . The other two phases δ 24 and δ 34 have been set to 0. In the right panel, we show the dependence of P N C on the δ 13 and δ 34 phases with the δ 24 phase kept equal to 0. We show four set of curves for both neutrinos and anti-neutrinos corresponding to δ 13 , δ 34 ∈ {±90 • , ±90 • }. From Fig. 4 , we can draw the following conclusions:
• P N C has significant dependence on the CP phases δ 13 and δ 34 .
• The left panel shows that the differences between neutrino and anti-neutrino probabilities are small. However, there is appreciable separation between the δ 13 = 0, −180 • and δ 13 = −90 • , 90 • curves. This can be understood from Eq. 3.2 where the δ 13 -dependence is through a cosine term.
• In the right panel, the introduction of the δ 34 phase induces larger differences between the neutrino and anti-neutrino probabilities, specially at higher energies. Referring to Eq. 3.2, we see that as the energy increases, the CP violating term will tend to undergo less suppression compared to the other terms, hence its effect tends to become more visible. Thus, the measurement of a large CP-asymmetry in the NC events at DUNE can point to a CP-violating value of δ 34 10 .
• In the right panel, for neutrinos, while the peaks for all curves have about the same value of P N C , among the minima, the lowest value of P N C occurs for (δ 13 Fig. 6 in a more general way.
• It is also evident from the right panel of Fig. 4 that the probability curve for neutrino corresponding to (δ 13 , δ 34 ) of let's say (x, y) where x, y = ±90 • is degenerate with the anti-neutrino curve of (−x, −y), especially at higher and lower energies. Small differences due to matter effects can be seen near the minima. Neglecting these small matter effects, we see from the approximate expression for the vacuum oscillation probability, Eq. 3.2, that the degenerate probability curves should indeed be identical.
Under the approximations in which Eq. 3.2 is valid, it can be seen that there are only two effective CP phases that will play a role in P N C at the leading order. These are δ 1 = δ 13 + δ 34 and δ 2 = δ 34 − δ 24 . Thus, in our chosen parameterisation of the PMNS 10 Or, more accurately, a CP-violating value of δ2 = δ34 − δ24, as we emphasise below. matrix, there is a degeneracy between the three CP phases. We show this explicitly in It is therefore possible to set one of the phases equal to 0, without the loss of generality. Since, we have considered sin θ 24 to be a small quantity as its range of values is the most restricted, putting δ 24 = 0 may be the best choice in order to not have significant differences between vacuum and matter probabilities. We explore this in Fig. 6 , generated using GLoBES. These plots show the values of probabilities in the P N C -P N C plane for different values of the oscillation parameters. In Fig. 6 , we show results for normal hierarchy, From Fig. 6 , we conclude that
• The fact that the red region is almost the same as the green region suggests that putting δ 24 = 0 does not lead to any loss of obtainable P N C -P N C space.
• The four black points -δ 13 , δ 34 ∈ {±90 • , ±90 • } indeed quite closely correspond to the δ 13 , δ 34 values for which the the P N C andP N C are minimum or maximum. This is true for both 3 GeV and 5 GeV.
• The dependence on the δ 13 and δ 34 phases as expressed in Eq. 3.2 is reasonably accurate. Finally, we point out that the situation above serves as another example of the point made in Section 2. The NC events for the long baseline of DUNE and the chosen 3+1 new physics scenario provide a window into CP via the phase combinations δ 1 = δ 13 + δ 34 and δ 2 = δ 34 − δ 24 both in vacuum and in matter. On the other hand, as discussed in [11] , the CC probability P µe in matter for the same scenario is sensitive to all three CP phases 11 , which leads to degeneracies. Thus NC measurements, with their high statistics, are an important complementary tool to probe CP and break degeneracies in new physics scenarios in conjunction with CC measurements. break 3+0 unitarity (in this example, the propagation NSI) and another one which does (3+1 sterile). A similar conclusion would hold, for example, for NSI in propagation and neutrino decay, or NSI in propagation and NSI in production or detection (which inherently violate unitarity by adding to or depleting the source neutrino beam).
Both NSI arising during propagation and extra sterile neutrino states affect ν e CC events. From Fig. 7 (left panel) we see that there is a wide range of possible spectra that can arise either from propagation NSI or an extra sterile neutrino state (3+1 scenario). Shown also is the standard 3+0 scenario band. NSI affect the individual transition probabilities but the total oscillation probability of all the active flavours remains unity. On the other hand, in the presence of extra sterile states, the total oscillation probability of the active flavours becomes less than unity, leading to a depletion in NC events in the presence of sterile states compared to propagation NSI (the right panel of Fig. 7) . Thus, NC events break the degeneracy seen in the CC event spectrum. We expect around 9345 NC total signal events in the case of 3+0 (or with propagation NSI present) in DUNE for 3.5 years of neutrino run. With 3+1 and sterile oscillation parameters corresponding to the right panel of Fig. 7 , this number will deplete to ∼ (8306 − 8804) depending on the true values of the CP violating phases. Thus, a 6% -11% reduction in the total NC signal event rate is possible for θ 34 ≈ 20 • . We do quantitative analyses in Sec. 5, to show that with a reduction in NC rates of this size, DUNE can distinguish between the 3+0 (or propagation NSI) and the 3+1 scenarios at a 90% C.L.
We note that as the sterile parameters become small, the 3+1 and 3+0 scenarios merge and become indistinguishable. In other words, the red band in the right panel of Fig. 7 will tend to grow narrower and merge with the green solid line. Thus, the 3+1 parameters need to be such that a measurable difference in the NC rate can be attained.
Constraints on the 3+1 paradigm: Sensitivity forecasts with DUNE
In this section, we demonstrate the sensitivity of the DUNE experiment to exclude the 3+1 scenario using a combined analysis of NC and CC measurements. We assume a 40 kt Liquid Argon detector and 3.5 years each of neutrino and anti-neutrino running. We have used the optimised beam profile, as described earlier in Section 3. The CC and NC events due to such a beam have been shown in Figs. 1 and 7 . We simulate data assuming that 3+0 is the true case i.e. we put the mixing parameters ∆m 2 41 , θ 14 , θ 24 , θ 34 , δ 24 and δ 34 equal to 0. Note that in such a situation δ 13 is δ CP . We assume the hierarchy to be normal, θ 12 We assume the hierarchy to be known and hence do not consider the inverted hierarchy while fitting. We generate event spectra for various combinations of these 3+1 test oscillation parameters and then calculate the binned Poissonian ∆χ 2 between such test events spectra and the simulated 3+0 true events spectra (data). We have assumed 5% normalisation error for the signal events and 10% normalisation error for the background events. The ∆χ 2 are marginalised over these systematic uncertainties through the method of pulls.
In Fig. 8 , we show the sensitivity of the DUNE experiment to exclude the 3+1 paradigm with NC and CC measurements. We consider the test case of ∆m 2 41 = 1 eV 2 .
In producing these plots, we have not considered the variation of the CP violating phases in the fit, so as to show the effect of the mixing angles only. appearance standalone data, disappearance standalone data, appearance and disappearance data combined (CC) and finally, the CC and the NC data combined ("ALL").
NC combined. This helps to better understand the contribution that each type of data has in excluding the 3+1 scenario with respect to the given active-sterile mixing angle. The regions that lie towards the increasing values of test θ 14 and test θ 34 are the ones for which DUNE can exclude 3+1 at 90% C.L. An examination of the Fig. 8 allows us to draw some important conclusions:
• The NC data by itself constrains mainly the θ 34 angle and this constraint has a small dependence on the test values of the mixing angles θ 14 and θ 24 . The most conservative exclusion of the θ 34 angle corresponds to θ 14 = 0 where θ 34 18 • is excluded by the data. The strongest bound of θ 34 16 • corresponds to θ 14 = 12 • .
• The appearance data are sensitive to all three active-sterile mixing angles. At θ 34 = 0, θ 14 12 • is allowed for both θ 24 = 0 and θ 24 = 4 • . However, the constraints on θ 34 are somewhat weak and strongly-correlated with the values of test θ 14 . The weakest constraints are obtained for θ 14 = 0, which excludes values corresponding to θ 34 38 • .
• The disappearance data are mainly sensitive to θ 24 and θ 34 . The constraints are essentially independent of the value of test θ 14 . The strongest constraint, of θ 34 36 • being ruled-out, occurs when test θ 24 = 4 • .
• The combined NC+CC data are quite sensitive to θ 34 . years each of neutrino and anti-neutrino running. For these figures, the ∆χ 2 has been marginalised over the test CP phases. We show results for the NC standalone data, appearance standalone data, disappearance standalone data, appearance and disappearance data combined (CC) and finally, the CC and the NC data combined ("ALL").
In obtaining Fig. 8 , effects of the three CP phases were not taken into account and each of the three of them were held fixed at their input true values. In Fig. 9 , we repeat the same exercise as that in Fig. 8 , except that, for each test combination of values of θ 14 , θ 24 and θ 34 , we marginalise the ∆χ 2 over the three CP phases δ 13 , δ 24 and δ 34 and select the smallest ∆χ 2 . Thus, Fig. 9 correctly takes into account the lack of knowledge regarding the CP violating phases. It can be seen that the results due to CC appearance are significantly affected because of marginalisation over the CP phases. This physics point was emphasised in [11, 27] . While for the plots in Fig. 8 , a significant region of the given θ 14 − θ 34 parameter space was ruled out by the appearance data; for the plots in Fig. 9 , most of such θ 14 − θ 34 region is allowed at 90% C.L. This holds true especially at the larger values of θ 14 . Thus, with CC data alone, DUNE cannot be expected to provide significant constraints on θ 34 . On the other hand, the effect of marginalisation over CP phases on the NC data is small. Thus, NC data can decisively constrain the mixing angle θ 34 even when the CP phases are unknown, as can be seen in the plots in Fig. 9 . Therefore, another advantage that the NC events have over CC is that they are more immune to the lack of knowledge regarding the CP phases. Even with CP violating phases present, it would be easier to rule out a moderately large value of θ 34 with the NC data compared to ruling out moderately large values of θ 14 and θ 24 with the CC data. Taking into account the marginalisation over all the relevant mixing angles and the CP phases, the combined NC and CC data from DUNE can exclude the 3+1 paradigm for θ 34 18 • . With reference to Fig. 8 and Fig. 9 , we note that in Fig. 8 , the most conservative estimate of θ 34 corresponds to θ 14 = 0. This is no longer true in Fig. 9 where the most conservative constraints on θ 34 occur at larger values of θ 14 . This difference is stark in the case of CC data which reinforces the importance of CP phases in the CC channels. For NC too, this argument holds true although the differences are much smaller in nature. 41 -test θ24 space (right). The results are for the DUNE experiment with 3.5 years each of neutrino and anti-neutrino running. The true case has been taken to be 3+0 and the test to be 3+1. In the left panel, we show results with the NC data, and NC and CC data combined ("ALL"). In the right panel, we show results with the NC data, the disappearance data ("DIS") and the NC and CC data combined ("ALL").
To show how the exclusion of the 3+1 paradigm depends on the mass-squared difference ∆m 2 41 , we repeat the exercise done in Fig. 8 We marginalise over the two mixing angles θ 14 and θ 24 , in addition to the CP phases, and report the minimum ∆χ 2 as a function of test ∆m 2 41 and test θ 34 . The results are shown in the left panel of Fig. 10 . Note that the other details regarding the simulation and assumptions on the oscillation parameters remain the same as those in Fig. 8 . It is easy to see that the results do not depend much on the mass-squared difference ∆m 2 41 . At 90% C.L., θ 34 18 • can be ruled out with the combined CC and NC data. With NC data alone, θ 34 20 • can be ruled out at 90% C.L. NC data is most effective in constraining θ 34 . On combining the NC data with the CC data an improvement of ≈ 2 • is seen. We show DUNE's ability to constrain the ∆m 2 41 − θ 24 parameter space in the right panel of Fig. 10 
Summary and concluding remarks
This work attempts to examine how NC events can synergistically aid the search for new physics and CP violation when combined with other measurements. We show that typically the NC events offer a window to CP phases and mixing angles that is complementary to that accessed by CC event measurements at both long and short baseline experiments. They can break degeneracies existing in CC measurements, allowing one to distinguish between new physics that violates 3+0 unitarity and new physics that does not. NC events seem not to be affected greatly by matter effects which arise at energies and baselines relevant to DUNE, rendering analytical understanding of new physics somewhat easier. They also aid in constraining parameters that are not easily accessible to CC measurements. Overall, in an experimental era when combined measurements can lead to significantly increased precision and understanding, NC studies can play a valuable role in the search for new physics at neutrino detectors.
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